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FOREWORD

This investigation v.as sponsored by the U.S. Army Corps of Engineers, Oftice of
the Chiet of Engineers (OCE), Washington. D.C. as part of two Research, Develop-
ment, Test, and Evaluation (RDT&E) Programs. One part of the study, for the
Directorate of Military Construction, was conducted under Project 4A664717DRYS,
“Military Construction Systems Development,” Task 04, “Military Airfield Facili-
ties,” Work Unit 008, **Applicability of Fibrous Concrete for Military Facilities™
{OCE “i'eehnical Coordinator L. Price). The other, for the Directorate of Military
Engineers, was conducted under Project 4A664717D89S, Task 23, "Construction
Ettort Analyses.” Work Unit 003, ** Application of Fibrous Concrete for Construction
in the Theater of Operation.”

This investigation was conducted by the Materials Division of the U.S. Army Con-
struction Engineering Research Laboratory (CERL), Champaign, HNlinois, from July
1972 to January 1973. CERL personnel actively engaged in the investigation were Dr.
G. R. Williamson, on a summer academic appointment from Youngstown State
University, Youngstown, Ohio, and B. H. Gray, principal investigator for the work
units.

During this investigation, COL R, W. Reisacher was Director of CERL and Dr. L.
R. Shaffer was Deputy Director. E. A. Lotz was Chief of the Materials Division.
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COMPRESS!™N CHARACTERISTICS
AND STRUCTURAL BEAM DESIGN
ANALYSIS OF STEEL FIBER
REINFORCED CONCRETE

1 INTRODUCTION

Problem. Fiber-reinforced concrete is ordinary con-
crete with randomly dispersed fibers (usually steel)
ot short length and small diameter.? During the past
decade. steel fiber-reinforced concrete has been
widely researched by the Corps of Engineers and
others. Most of the research has been directed
toward improving the tensile and flexural strength of
concrete because of the inherent weakness of plain
concrete in these respects. Previous studies have
dealt with fatigue. impact resistance. freeze-thaw
durability, and compressive strength. The enhance-
ment of these characteristics by the inclusion of steel
fibers has been firmly established except in the area
of compressive strength. Reports have varied from
no increase in compressive strength due to the fibers,
to as much as 100 percent increase in strength over
the plain mix.%34 This inconsistency also applies to
the eftect of the fibers when used with mortar and
when used with concrete. The inability of researchers
to achieve similar results can be traced in part to
fack of uniformity in preparation of the specimens.
Because of conflicting data, the development of
applications of fibrous concrete utilizing the com-
pression characteristics has not paralleled the devel-
opment of applications using the flexural character-
istics.

Objective and Scope. The objective of this study
was to determine the effect of steel fibers upon the
static compression strength of concrete and mortar.
These data are used with shear data reported by

1G. R. Williamson and B. H. Gray, Technical Information
Pamphlet on 1'se ¢ Eibrous Conen ¢ (Construction Engineering
Rescarch Laboratory [CERL|. May 1972,

2. R. Wilamson, Fibrous Reinforcement for Portland
Cement Conerete, Technical Report No. 2-40 (Ohio River Divi-
sion Laboratories JORDL]. May 1965).

3D. L. Birkimer and J. R. Hossley, Comparison of Static and
Dynamic Behavior of Plain and Fibrous Reinforced Concrete
Cvlinders, Technical Report No. 4-69 (ORDL, January 1968).

4Wai-Fah Chen and §. L. Carson, “Stre-s-Strain Properties of
Random Wire Reinforced Concrete.” ACH Journal, Proceedings.
Vol 6K, No. 12 (December 1971).

Preceding page hlank

7

Romualdi and Ramey.’ and Batson et al..® to justity.
from a compression standpoint, the use of stecl
tiber-reinforced concrete in  conventionally rein-
forced flexural members such as beams. The citect
of the fibers upon the ductility of the concrete.
Young's modulus, and Poisson’s ratio is discussed.
Also discussed is the etfect of the test cvlinder size
upon the ultimate compressive strength. A cost com-
parison is made between a conventionally reintorced
beam with shear reinforcement and a similar beam
with fibers replacing the shear reinforcement.

Background. Romualdi and Batson’ theorize that
the increase in flexural strength and ductititv of con-
crete resulting from the use of steel tibers is attribut-
able to the ability of the fibers to act as crack
arrestors. Hsu et al..? have shown that all concrete
contains small flaws which begin to increase in size
under stresses well below 50 percent of ultimate. The
coalescing of these growing flaws uliimatelv results
in the failure of the concrete. The randomly oriented
steel fibers in fibrous concrete inhibit the growth of
the flaws by the bond developed between the fiber
and the matrix. Coarse aggregate has also been
shown as a crack arrestor on the one hand and a
crack initiator on the other. A growing crack.
approaching a particle of coarse aggregate whose
strength is greater than that of the matrix through
which the crack is growing, must then detour around
the particle. The pathway taken by the crack is
usually along the interface between the aggregate
and the matrix. The additional energy required for
the longer path to overcome the bond at the interface
requires an increase in load to permit continued
growth of the crack. If, however, the bond between

$). P. Romualdi and M. R. Ramev, Ettecrs of I'mpulsive

Loads on Fiber-Reintorced Conerete Beams, Final Report tor the
Oftice of Civil Defense, Contract No. OCO-PS-64-20 (Carnegie
Institute of Technology, October 1968).

§G. B. Batson, E. Jenkins, and R. Spatnes, “Steel Fibers oy
Shear Reinforcement in Beamw,” ACH Journal. Proceedings \ ol
69 (October 1972).

1. P. Romualdi and G. B. Batson. “Mechames of Criack
Asrest in Concerete with Closely Spaced Reinforcement.” Procecd
ings American Sociery of Civil Engineers (AASCE). Vol 89 dune
196.3).

81, T. C. Heu F. O. Slate. G. M. Sturman, and G. Winter,
“Microcracking of Plain Conerete and the Shape ot the Stress
Strain Curve.” American Concrete Institute CGACH Joumal. Pro
ceedings, Vol o0 (February 1963).



the matrix and aggregate particle has never been
tully developed. then a flaw exists, and the aggregate
particle acts as a crack initiator. Water trapped on
the underside of an aggregate particle as it rises
during the initial setting process will produce such a
Nlaw. This function of acting as both a crack arrestor
and crack initiator applies to the fibers as well,

The crack arrest theory, though not completely
substantiated, does help to account for the increased
flexural strength of steel fiber-reinforced concrete
over plain concrete. To apply this concept to con-

crete in compression requires an understanding of

the failure mechanism under compression loading.
The tailure of concrete cylinders in uniaxial com-
pression is usually described as one of three types: a
diagonal shear, a double shear re:ilting in a cone,
and vertical splitting. A combination of the three is
not unusual. This variation in ftailure mode has
made the development of a compression strength
theory for concrete rather difficult. Glucklich.? using
the work of R. Jones and H. Neuber, has shown that
these tailure modes are not the primary ones. but are
a result of the intluence of the friction forces gener-
ated at the top and bottom of the test cylinders by
the testing machine platens. The primary failure
maode is a result of flaws or cracks which grow under
load. parallel to the direction of the applied stress,
These flaws or cracks convert the compressive
stresses to tensile stresses in the vicinity of the crack
tips. These tensile stresses cause the crack to grow
until a critical size is reached, and a brittle type
tailure results. The failure mode is primarily tensile,
therefore. the crack arrest theory applies. Some
benefit should be gained trom the use of steel fibers
for concrete in compression.

2 METHOD

General. Three separate test series were conducted:
tor cach series. 60 test cylinders were tested in uni-
axial compression under static conditions. Fabrica-
tion and testing of all specimens was done in accord-
ance with American Society for Testing and
Materials (ASTM) Specifications. These specifica-
tions are listed in Appendix A.

9. Glucklich, “On the Compression Failure of Conerete.”
theoretical and Applied Mechanies. Report No. 218 (University
of Mlinvis. March 1962).

To obviate size effects, three cylinder sizes were
used: I xuin.,. 4 x8in., and 6 X 12 in., with 20
cvlinders of cach size for a total of 60 for each series.
The fiber percentages used were 1.0, 1.5, 2.0. and
2.5 percent by volume of the cement, fine and coarse
aggregate, and water. Of the 20 cylinders per size.
this arrangement permitted four test specimens for
cach fiber percentage and for the plain control mix.

The mixing was done with a 3'2 cu ft rotary drum
mixer. Thirty specimens were made from each
batch; two specimens for each size and each fiber
percentage. For each of the series. the required two
batches were made on successive days. The cylinders
were allowed to set overnight, then removed from the
molds and cured in saturated limewater for 11 days.
They were then removed from the tank. air-dried,
and tested at 28 days.

To prevent any variation in the strength of the
matrix, the following mixing procedure was used.
Enough material for 30 cylinders (cement, water,
and aggregate) was thoroughly mixed. The concrete
was then removed from the mixer and divided into
five parts. The first part was used to make the plain
cvlinders, two each of the threc sizes. The second
part was then put back into the mixer and 2'2
percent fiber added. The fibers were hand-sprinkled
into the rotating drum. Mixing was continued for
one minute after the fibers had been added. This
procedure was then repeated for the 2.0, 1.5, and 1.0
percent fiber mixes, in that order. using the three re-
maining parts of the mix.

Materials. Type 11l cement from one source was
used for the three test series. The fine aggregate was
local sand. with 6.4 percent retained on a No. 4
sieve, and a fineness modulus of 3.0. The coarse
aggregate was local crushed limestone. The % in.
maximum size aggregate had a fineness modulus of
8.3, and the ¥ in. maximum size aggregate had a
lineness modulus of 6.87. The sieve analysis for each
of the aggregates is given in Table |, Tap water was
used for mixing. No additives of any type were used
in anv of the test scries, nor was the water-cement
ratio increased to improve workability.

‘The fiber used for the entire project was a 0.010 x
0.022 x 1.0 in. steel fiber manufactured from low-
carbon steel plate by a chopping process. The fiber
has a yield stress of 90,000 psi and an ultimate stress
of 90-100.000 psi.



Table 1
Sieve Analysis of Fine and Coarse Aggregate

Percent Retained

Sieve Sand % ’/4”
I]I : 0 0 0
/) 0 0 RN
% 0 1.3 92.6
No. 4 6.7 §58.2 98.5
X 2y 91.3 98.5
16 ROGX) 9N.;s 98.5
20 R Y4.8 98.5
S 825 96.4 98.5
1) 9.6 97.5 LU
I .M, 3.0 5.3 6.87

Mix Designs. The basic mixes for the three test
series were designed to attain approximately 5,000
pstcompressive strength at age 7 days. Work by Hsu
and State ¥ has shown that the tensile bond strength
briween paste and limestone aggregate {a reactive
material) is time dependent, roughly paratleling the
compressive  strength - development. (A reactive
agpregate is one that contains cementious material
which can react with the cement and water of the
mn to further enhance bond  development.
Limestone is such @ material, even as one of the
auredients of cement.) With crushed natural lime-
rone and embedded Type | cement paste, the 28-
Lo bond strength was found to increase 33 percent
wer the T-day strength, while the compressive

reneth of the paste increased S0 percent during the
same period. For an unreactive aggregate such as
andstone, the 28-day bond strength showed an in-

101 1 ¢ Hsuand F. O, State, “ Tenstle Bond Strength Be-
Sveen Aperegate amd Cement Paste or Monar,” ACH Journal.

crease of 21 percent over the 7-day strength. Steel
fibers would of course be a nonreactive component of
the fibrous concrete. Nevertheless, because the criack
arrest mechanism is a function of the fiber-matrix
bond. the curing time for this program was extended
to 18 days and the test age to 28 days. This proce-
dure plus the use of Type 11 cement assured maxi-
mum bond and compressive strength development.

‘The mix proportions for cach test series are given
in Table 2. Because of mixing difficulties with the
first batch of the ¥ in. maximum aggregate mix, the
water-cement ratio was increased from 0.54 10 0.57
tor the second batch. This resubted in i decrease in
strength of approximately 20 percent.

Testing and Instrumentation. Thecvlinderswer
tested using a SN0 kip Satec Universal lesting
Machine and a 1000 kip Materials Testing Svstem
operating in load control. Two of the four 6 > 121
cyvlinders tested for each volume poreent of fiber were
used to obtain data for computing Young's modulus
and Poisson’s ratio. Strain data for determimne the
modulus was obtained from three 2-in. clectrical
resistance stritin gages mounted sertically at the
mid-height of the evlinder. The gages were cqualis
spaced on the circumterence at 120 degrees. Fhe
horizontal strain data was obtained trom three 2
gages placed horizontally beneath the vertical gaves
The output from cach set of gages fed inte an analoe
computer for averaging. The average valoe was
recorded using an x-v plotter.

n.

3 RESULTS AND DISCUSSION

General. The individual test resudts are tabalated o

2o, Vol 66 EApril 1903 Appendix B, Listed in the tables are the ulumare
Table 2
Mix Proportions
Series Cement Aggregate, Lbs. Water Slump  Combined Cplinder
Number Lbs. Sand % max. Y max. Lbs.W/C  inches FM.  Compaction
| 94 2282 0 0 484, 0,01 " A1 Hand Rl
1 95 1368 912 0 822 058 4 393 Vibrating Jable
] USS RN 0 91 Sih, 0.54 4 487 Vibrating Fable
N 98 1358 ([} 900 837, 087 6 4.8 Vibrannge Lable



strength of cach cevlinder with the standard deviation
and coeflicient of variation for each set of specimens.
Also included are the calculated values of Young's
modulus and Poisson’s ratio.

Compressive Strength. The citect of the seel
fibers upon the compressive strength of 6 x 12 in.
evlinders of mortar and concrete is shown in Figure
1. a plot of strength versus fiber percentage. For
mortar (Test Series No. 1. Table Bl) fibers tend 0
decrease the ultimate strength slightly. The strength
variation between the plain mortar and the mortar
with 2.5 percent fiber is 6.5 percent. Although cach
of the fiber mortars shows some decrease in ultimate
strength. it is not uniform. The amount of decrease
shown for the mortar mix is insignificant. However,
the fact that the fibers did not increase the strength
is significant.

For the ¥ in. maximum aggregate min (lew
Series No. 2. Table B2), the data of Figure | shows o
considerable increase in compressive strength with
increasing amount of fibers. For the 2.8 pereemt
tiber mix, the strength is 16 pereent greater than the
plain mix.

The greatest increase in compressive strength
resulting from the use of fibers occurred with the ¥,
in. maximum size aggregate mix (Test Series No. 3,
Table BY). For this series. the 2.8 percent fiber min

no . : — )
LAt FOMT B le-- SEMES WO
VR OF |8 TESTY - — SEMES WO 2
| —— semirs wo 3

i | |

o0 p— e o e ————

ULTHIATE COMPRESSIVE STRESS, 110" =%

VOLUME PERCENT OF FIBER

Figure 1. The effect of steel fibers on the compressive
strength of 6 x 12 in. cylinders.

was 23 pereent stronger in compression than was the
plain min. Figares 2 and 3 are plots ot streneth
versus fiber content tor the 4 x 8 in, and the 3 = o
odinders respectively. The data shown e these
figures are in agreement with that of Figure 1.
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Figure 2. The effect of steel fibers on the compressive
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Figure 3. The effect of steel fibers on the compressive
strength of 3 x 6 in. cylinders.



As is indicated in Table 1. the method used for
compacting the cylinders for Test Series No. 1 (Table
B1) was by hand rodding. while for Series Nos. 2 and
J (Tables B2 and B3) they were compacted with the
use of a Syntron Vibrating Table. Since this was the?
only variation in test procedures, a program was
conducted to determine it the Series No. 1 results
could have been atfected by the compaction pro-
cedures. Using 4 X8 in. cylinders and the mortar mix
design as given in Table 1, four cvlinders were then
water-cured ftor 18 days and air-dried tor 10 days
hetore testing. The results listed in Table B4 show
that the method of compacting the cylinders did not
atfect the results of Series No. 1.

Using the ratio of the compressive strength of the
tiber mixes to that of the plain mix as one of the vari-
ables, Figure 4 shows the variation in compressive
strength of 6 x 12 in. cyvlinders with respect to the
theoretical fiber spacing. The cquation used to
compute the average spacing s is

s = 13.&1,/%

where d is the fiber diameter and p is the volume
percent of fiber, For the rectangular fiber used in
this study. the fiber diameter d is simply taken as the
diameter of an equivalent. circular, cross sectional
arca. For the 0.010 x 0.022 in. cross seetion, d is
approximately 0.017 in.
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FIBER SPACING, INCHES

Figure 4. Strength ratio as a function of fiber spacing
6 x 12 in. eylinders).

If a 10 pereent inerease in compressive strength is
arbitrarily accepted as significant, it is seen from
Figure 4 that the fibgrs are effective at a spacing of
(.18 in. for the % in. mix and 0.24 in. tor the 4 .
mix. A spacing of 0.20 in. corresponds to a volume
percentage of approximately of 1.5, For fiber con
crete in bending, Williamson!'t indicates that an
increase in flexural stress of 28 percent can be
expected for this spacing. However, as was pointed
out carlier, the fibers only reinforce the matrix, wnd
it the bond between the mortar and the aggregate is
tully devetloped. then the aggregate can also act as a
crack arrestor. Hsu and Slate!? reported a mortar-
aggregate tensile bond strength ot 329 psi and o
paste-ageregate tensile bond sirength of 414 psi tor o
good grade limestone, Williamson 2 using single-
fiber static pull out tests with -in. embedment,
reported a mortar-tiber bond strength of 410 s §ey
a Noo & masimum size aggregate miv. Based upon
these values, it would seem that the coarse aggregate
can function as o crack arrestor. To obain 4 inmore
reatistic anderstanding of the efieet of the fiber, the
spacing should be computed on the basis ot the
amount of mortar i the mix, rather than on the
total volume of the conerete. Figure S plots strength
ratio versus tiber spacing. Here the spacing was
computes on the basis of the mortar content when
all aggregate retained ona Noo 4 sieve was eveluded
from the fiber volume pereentage caleulation. 1 he
spacing at which the fibers become eftective s
reduced several thousands tor bath the ¥ in. and i
m.nves. The carves of Frgures 4 and S were drawn
trom data obtained by the method of Teast squares.
For purposes of cumve titimg, itwas assumed that the
fibers were inettective at o spacing of 0,40 1. | his
corresponds to a volume pereentage of 6.3,

It is dathicult to explain the inability of the fibers

to reinforee the moctar. However, Williamson, M

working with & 12 mortar mix and 2.0 volurae

pereent tiber, reported a S pereent reduction i com

prassive strength for 4000 psi conerete, using 4 > N
— .

111G R Willimson, Some State and Dymamie Ciarcctorns
tes of Fiber-Remiporced Conerete, PIUD L Dissettanion, Carneen
Moellon U versity (May THa,

1) 1 C Hse “Mathemaneal Anabvas of Shoineae
Stresses 11 g Muodet of Hardened Conarete,” ACT Jaurmal - £
cevdmpes, Vol ol iMarch 196 1)

B3GR Willamson, Somee Statie and Dynamie Chareorern
tes ot Fiber Reottorced Conerete: PhD - Disseotation, Carnegre
Mellon Usninversity (May 190

(. R, Wilamse s, Seme Statn and Dinamine Charad 1o
nes of Feber-Remporce - Conerete, PR Dissertation Carnepic
Mellon Unnersity (Ma, 1)
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Figure 5. Strength ratio at a function of fiber spacing
computed for mortar content only (6 x 12 in. cylinders).

in. cylinders. Hsu and Slate!® found that the tensile
bond strength between the mortar aad coarse aggre-
gate decreased with increasing amounts of sand. The
bond strength developed for a 1:2 mortar was 15 to
20 percent greater than for 1:3 mortar. This was
attributed to the increased tensile stresses at the
paste aggregate interface due to the volume change
of the paste. Hsu!® has shown that these tensile
stresses vary inversely as the distance between
aggregate particles. The estimated clear distance
between sand particles for 1:3 mortar was reported
to be only one-fourth that for 1:2 mortar. The
influence of the sand content upon the tensile bond
developed between the paste and aggregate (and
therefore between the paste and the fiber) could
account’for the widely scattered results reported for
the effect of the fibers on the compressive strength of
fiber-reinforced concrete. A plot of the strength ratio
versus the percentage of mortar in each of the three
mixes is shown in Figure 6. The data (the least
squares fif) show the variation of the strength-ratio
with mortar content to be lincar. The curve shows
that a strength ratio less than 1.0 can be expected for
a mortar content in excess of 93 percent.

157, 1. C. Hsu and F. O. Slate. *“Tensile Bond Strength
Between Aggregate and Cement Paste or Mortar.” ACH Journal.
Proceedings, Vol 6), No. 4 (April 1963).

W, 7. C. Hw, “"Mathematical Analysis of Shrinkage
Stresses in a Model of Hardened Concrete.”” ACH Journal. Pro-
ceedings, Vol 60, No. 3 (March 1963),
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Figure 7. Young's modulus as a function of fiber content
(6 x 12 in. cylinders).

Modulus of Elasticity and Poisson’'s Ratio.
Figure 7 is a plot of the secant modulus versus
volume percent ot fiber. The moduli were computed
at 80 pereent of ultimate, For Series No. 1 and Series
No. 2 there is a slight increase in modulus as the
amount of fiber increases. There is a slight decrease
in the modulus with the addition of the fibers
although Scries No. 3 is not affected by the volume
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Figure 8. Poisson's Ratio as a function of fiber content.
(8 x 12 in. cylinders).

percent of fiber. The modulus of the mortar mix is
roughly 75 percent of the modulus of the two con-
crete mixes. This is probably due to the influence of
the coarse aggregate and lower water-cement ratios
of the concretes.

Figure 8 shows Poisson’s ratio as a function of
fiber content. Again, for Series Nos. | and 2, the
fibers tend 1 increase Poisson’s ratio, while for
Series No. 3, the fibers tend to decrease it. For the
plain mixes. Poisson's ratio for the mortar is about
80 percent of that for the concretes. However, for the
fiber mixes. the value for the mortar is within 92
percent of that for the concretes.

Affect of Cylinder Size on Uitimate Strength.
Figure 9 is a plot of the compressive strength with
respect to the volume percent of fiber for each of the
three cylinder sizes for each series. The 6 x 12 in.
cvlinder strengths averaged 4 percent less than the 4
~ 8in. and 3 x o in. cylinders; the greatest difference
occurred with the plain mixes. This difference is
sinnlar to that reported by the Burcau of Reclama-
tion.” The curves of Figure 9 give no indication that
the Weil -l effect need be considered for the three
sizes of vyhnders used in this study.

17Concrete Manual (U.S. Department of the Interior, Bureau
ot Reclamation, Sth Edition. 1951).
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Figure 9. The effect of cylinder size on the ultimate
compressive strength.

Ductility. Figures 10 through 12 are stress-strain
curves for each of the three test series. Each point is
the average of two tests. ( i'he individual curves are
found in Appendix D.) These figures show that the
addition of fibers has little or no effect on the
ductility of either mortar or concrete. These results
are not unexpected, however, since the testing was
performed on a “soft” testing machine, that is, vae
which stores large amounts of energy during loading
of the specimen and then releases this energy at the
onset of vielding of the specimen. If the energy
released by the machine is greater than that required
for turther compression of the specimen, fracture
occurs rather abruptly. I, however, the energy
released is less than that vequired for further com-
pression of the specimen, then additional load must
be applied by the machine in order to cause failure.
This  allows further recording of the load-
deformation curve and a more aceurate indication of
the ductility of the material.
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4 APPLICATIONS

General. Results of this study are most useful in the
design of reinforced concrete flexural members
where compressive strength, shear strength, and
ductility are important design parameters. As pre-
viously mentioned, the shear strength and ductility
of fiber-reinforced concrete have been studied by
others. Batson et al., 3 using 4 in. X 6 in. X6 {t beams
without conventional shear reinforcement, found
that moment failures could be induced with as little
as 0.44 volume percent fiber. Williamson?® showed
the high ductility of a fiber-reinforced beam with as
little as 1.0 volume percent fiber. Assuming that
these results are applicable to full-scale beams, these

18(;. B. Batson, E. Jenkins, and R. Spatney, “Steel Fibers as
Shear Reintoreement in Beams,” ACH Journal Proceedings. Vol
69, No. 10 (October 1972).

19G. R. Williamson. Fibrous Reinforcement for Portland
Cement Conerete, Technical Report No. 2-40 (Ohio River Divi-
sic 1 Laboratories [ORDL|. May 1965),
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Figure 11, Stress-strain curves for 3/8 in. maximum
aggregate concrete.

data, and the data of this report, are the basis for a
cost comparison of a conventionally reinforced beam
with stirrups as shear reinforcement, and the same
beam with fibers instead of stirrups. The designs,
using the Strength Design Method as given in
American Concrete Institute (ACD 318-71. are
found in Appendix C.

Design Criteria. The beams are designed for a live
load of 2.0 kips per {t on a simple span of 24 {t, with
5.000 psi conerete and ¥ in. maximum aggregate.
One volume percent of fiber by volume of concrete is
used in the fibrous beam. Figure 1indicates that this
permits a 10 percent increase in the compressive
strength of the concrete. This fiber percentage is well
in excess of that which Batson? reported as
necessary to assure a moment failure.

The Strength Design Method is based on the

20(,. B. Batson, E. Jenkins, and R. Spatney. “Steel Fibers as
Shear Reintorcement in Beanis,” ACH Journal. Proceedings, Vol
69, No. 10 (October 1972).



-

12, Y
o PLAIN
108 FIBER
1.3 8 FIBER
208 FiBER
258 FIBER
o0t

sof- 3

STRESS, x10° PSI

- Y N

2.0
£ SERIES NO. 3
EACH CURVE IS i
AVERAGE OF 2 TESTS |
o J
() ooor aoor 0003 Qooe 0003

STRAIN

Figure 12. Stress-strain curves for % in. maximum
aggregate concrete,

assumption that failure of the concrete in compres-
sion occurs at a strain of 0.003. This value is taken
tfrom the original plastic design (ultimate strength
design) work of Whitney.? Whitney recognized that
although concrete cylinders failed in compression at
a strain under 0.002, the compressive strain at
failure in a beam was in the vicinity of 0.004, or twice
that of the cylinders. He recommended that 0.003 be
used for Plastic Design procedures. Because the
ductility of the concrete is increased in bending by
the addition of the fibers.? and because the fibers
prevent catastrophic failure of concrete in compres-
sion, 2324 it is reasonable to increase the assumed
strain of the concrete in beams at failure. Therefore,
the failure strain of the fibrous beam in this study
was taken as 0.0033, an increase of 10 percent.

N, S. Whitney, “Plastic Theory in Reinforced Concrete
Design.” Trunsactions ASCE. Vol 107 11942).

2G. R. Williams, Fibrous Reinforcement for Portland
Cement Conerete, Technical Report No. 2-40 (Ohio River Divi-
sion Laboratories JORDL]. May 1965).

23/ hid.

24D. L. Birkimer and ). R. Hossley. Comparison of Static and
Dynamic Behavior of Plain and Fibrous Reinforced Concrete
Cylinders, Technical Report No. 4-69 (ORDL. January 1968).

In the design of the fiber beam, the fibers below
the neutral axis were assumed to be effective in
flexure. Schrader,?s ysing this assumption, achieved
excellent correlation between theoretical and experi-
mental values for the resisting moment of fiber rein-
forced beams. His calculations were based upon a
bond force of 10 Ibs for each fiber assumed eftective
in the longitudinal direction. The actual load per
fiber was taken as 0.70 of this value.

The unit costs used to compare the two designs
(sce Appendix C) are prevailing costs {Jan 73) for the
Pittsburgh, Pennsylvania, arca.

As stated above, the beam designs are in
accordance with the Building Code Requirements of
ACI1 318-71. However, the deflection of the beams
and the cutting off of the main reinforcement were
not considered since these refinements would be
approximately equal for both beams and would not
aftect the cost comparison.

Results and Discussion. The cost of the beams as
calculated in Appendix C shows that cost of the
beam with stirrups is $16 greater than the fibrous
beams ($267 to $251). The regular concrete beam is
1 in. deeper and has 40 percent more main reintorc-
ing steel.

For beam in torsion, the omni-directional eftec-
tiveness of the fibers could possibly permit the
elimination of the torsional reinforcement, which
also usually takes the form of stirrups. This could
increase the competitive position of flexural
members made with steel fibers even more.

5 CONCLUSIONS AND RECOMMENDATIONS

1. The addition of steel fibers to concrete signifi-
cantly increases compressive strength.

2. The addition of stecl fibers to mortar may
decrease compressive strength.

3. Steel fibers do not significantly affect Young's
modulus or Poisson’s ratio for concrete, but do
show a slight tendency to increase these
parameters for mortar.

4. There is a strong indication of an inverse rela-
tionship between the compressive strength of

E. K. Schrader. Studies in the Behavior of Fiber-Reinjoreed
Concrete, Master's Thesis, Clarkson College of Technology (April
1971,



fiber concrete and the mortar content of the
mix.

S. The 6 x 12 in. cylinders had up to 4 percent less
compressive strength than the 4 x 8 in. and 3 x
6 in. cylinders.

6. The use of fibers in reinforced concrete beams
is economical.

As fibrous concrete becomes practical and
cconomical, the applications will increase greatly.
To meet this need the most effective design pro-
cedures are required. Research such as this study not
only contributes to the development of design
methods, but also points out where information or
knowledge is lacking and suggests areas where addi-

tional research should be conducted. Results of this
study indicate the following research is needed:

1. Full-scale tests to determine the flexural
behavior of reinforced concrete beams that
contain steel fibers in place of conventional
shear and torsion reinforcement,

2. A program to determine the validity of the
Beam Design Theory presented here.

3. A detailed study to determine the effect of
mortar content on the compressive strength of
steel fiber concrete.

4. A program to determine the effect of steel
fibers on Young's modulus and Poisson's ratio
for mortar.
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APPENDIX A: ASTM SPECIFICATIONS

The following American Society for Testing
Materials specifications were followed in the prep-
aration and testing of the specimens used in this
study:

1. Making and Curing Concrete Test Specimens
in the Laboratory, C192-68.

2. Compressive Strength of Molded Concrete
Cylinders, C39-66.

3. Sieve or Screen Analysis of Fine and Coarse
Aggregate, C136-67.
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APPENDIX B: INDIVIDUAL TEST RESULTS

Table Bl

Test Serles No. |

Basic Mix — 1:3:W/C = 0.61. Max. Agg. = No. 4 Sleve. Slump = 6",
Age ut Test — 28 days. Water Cure — 18 days. Air Dry — 10 days.

6" x 12" Cylinders

Specimen Fiber Ult. Comp. Average Standard Coefficient E

Number % Stress, psi Stress, psi Deviation of Variation 10 pai u
17-1A-31 0 7010 4 0,19
17-1A-32 0 7360 7R H03 0 0.078

18-1A-31 0 B460 3.0F 0.2]
I8-1A-32 ) 8260

17-1B-31 1.0 2010 2K 02
17-18-32 1.0 360 470 390.0 0,033

I%-18-3! 1.0 810 RIE ) 0.24
181B-22 1.0 380

17 1C-31 1.8 7020

17132 1.5 7170 7290 2020 0.028 Al 0.22
18-1C-31 1.5 7S60 341 0.25
IN-10-32 1.5 350

17-tD-31 20 7110

17-1D-32 20 2050 470 2930 0,033 108 0.2
18-1D-31 20 30 4.8 0.22
18-1D-32 20 =960

174E-31 25 6820 KR! 0.25
17-1E-32 235 6760 TS 484,00 06"

IN-1E-3] 25 10 REY 02
18-1E-32 23 "800

47 ¢8" Cylindens

Specimen Fiber Ult. Comp. Average Standard Coefficient
Number i Stress. osl Stress, psl Deviation of Varlation
17-1A-21 - 0 8460

17-1A-22 0 X200 N470 I89.0 0,022
18-1A-21 0 Moy

I8-1A-22 0 Nk}

17-18-24 1.0 8060

17-18-22 1.0 8OO OO 2310 0.031
18-18-2t 1.0 ERE

IN-1B-22 1.0 “6N)

17-1C-21 15 “T40

171022 1.8 TN RON( na 0.040
I8-0C-21 1.5 L1RI

X0 22 1.5 KK}

1711 2.0 M)

171D-22 0 "o i R RX1] 0.02°
I8N 1D-21 0 “Sof)

I8 1D)-22 20 XON)

171821 2.5 8070

17-1E-22 2.5 TN TYN) 150 0.0y
IX1E-21 25 TNRL)

IN-18-22 ) K130

Preceding page blank 19



Table Bl |Cont|

3 x 6" Cylinders

Specimen Fiber Ult. Comp. Average Standard Coefficient

Number % Stress, pal Stress, psl Deviation of Variation

I7-1A-11 0 7190

17-1A-12 0 7520 7830 282.0 0.037

IK-1A-11 0 TRRO

In-1A-12 0 —

17-1B-11 1.0 7780

17-18-12 1.0 TSR0 7540 208.0 0.02%

I8-1B-11 1.0 7190

IX-1B-12 10 Tol0

17-1C- 11 1.5 6620

17912 1.8 7890 770 724.0 0.094

IN1C-11 1.5 8600

I8-1C-12 1.5 8030

1°-1D-11 20 “890

17-1D-12 2.0 7190 7740 357.0 0.040

18-1D-11 2.0 R0

18-1D-12 2.0 8030

17k 2.5 BRR V)

171E-42 28 7280 7598 JOK.0 0.041

I8-1E-1 2.5 7940

I8-1E-12 28 T8)

Table B2
Test Series No. 2
Basic Mix - - 1:1.44:096:W/C = 0.55. Max. Agg. = % . Shump = 9",
Age at Test — 28 days. Water Cure — 18 days. Alr Dry — 10 days.
6" x 12° Cylinders

Specimen Flber Ult. Comp. Average Standard Coefficient E

Number " Stress, pel Stress, pai Deviation of Variation 100 psi M
26-2A-M 0 o) 3.90 0,25
-2A-32 0 8100 8130 251.0 0.031

27243 0 7890 3.98 0.24
27IAN2 1] 8580

26.2B-31 1o 8450 1.5t 0.25
26-28-12 1.0 9270 KR 1] S97.0 0.07

17.28-0 1.0 7628 4.66 0.4
27.28-32 1.0 8760

26-2C-31 1.8 H810 4.68 0.25
26-2C-2 1.5 874 K900 182.0 0.040

27.2C-31 1.8 KRWX) 4.48 0.2"
27.2C-N2 1.8 9465

26-2D-31 20 8225 4.52 0.2
26-2D-32 2.0 95588 9080 651.0 0.072

272D 2.0 R435 4.34 0.4
27.2D-N2 2.0 YoRS

26-2F-3 2.8 L DAY 4.587 0,28
26-2E-32 2.8 9590 9440 JNK.0 0.030

27E-N 25 90 4.48 0.0
72N 28 R0
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Table B2 [Cont|
. 4" x 8" Cylinders
Specimen Fiber Ult. Comp. Average Standard Coefficient
Number i Stress, psl Stress, psi Deviation of Variation
26-2A-21 0 RROS
20-2A-22 )] K830 8790 165.0 0.019
27.2A21 0 850
ITIND2 0 3955
26-28-21 1.0 N8I
26-28-22 1.0 8938 8895 7.0 0.008
272821 1.0 LDON
272802 1.0 8820
20221 1.5 LR
20-2¢.22 1.5 L IR Y195 210.0 0.023
Ul (R | 1.5 CAIR
272002 1.5 WS
26-21)-24 2.0 LN
620022 2.0 9788 LLLR 134.0 0.014
2720 2.0 9W7s
222D 2.0 981S
0. 2F 21 U] 9218
02K 25 9398 9835 234.0 0.028
=W IS LLRN
TAE2 25 9678
37 x 6" Cylinders
Specimen Fiber Ult. Comp. Average Standard Coefficient
Number "o Stress, psl Stress, psi Deviation of Varistion
o XA (U} WS
2 2A-2 0 K748 8945 130 0.5
272A N 0 QNS
27 2= {) KUOS
262811 1.0 KNOS
2B 12 1.0 WM HO.UY 192.0 0.021
27281 1.0 KU4S
27TIR-12 1.0 430
2020 1 1.5 L RN
2o 2002 1.5 9250 KR4S 3110 0.038
2721 1.8 LR
27212 1.5 LR
1020411 20 -
20-20-12 2.0 9720 w320
272D 2.0 Y620
D12 2.0 LR
-2E-11 23 s
26-2F-12 Q5 [{IPRN 9RO 6l3.0 0.062
27EMN US) K448
272F-12 28 (425
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Table B3

Test Series No. 3

Basic Mix — 1:1.44:10.96:W/C (02 Serles) — 0.54. Slump = 4" W/C (03 Series) = 03

Slump = 8, Age at Test — 28 days. Water Cure —- 18 days. Alr Dry — 10 days.

6" x 12" Cylinders

Specimen Flber Ult. Comp. Average Standard Coefficlent E

Number % Stress, psl Stress, psi Deviation of Variation 100 pai u
02-3A-M 0 8220 (7965) 255.0 0.032 S.08 0.28
02-3A-32 0 7710 7070

03-3A-31 0 5760 (6165) 405.0 0.066 4.96 0.25
03.3A-02 0 6570

02-38-31 1.0 7940 (8330 390.0 0.047 4.82 0.25
02-3B-32 1.0 8720 7970

03-3B-31 1.0 7580 (7590)

03-3B-32 1.0 7600
02-3C-31 1.5 8960 (9385) 425.0 0.045 4.51 0.22
02-3C-32 1.5 9810 8620
03-3C-31 1.5 7550 (T8R4 290.0 0.037 4.16 0.27
03-3C-32 1.5 8130
02-3D-31 2.0 10000 (9670) 390.0 0.040 4.78 0.25
02-3D-32 2.0 9280 8490 4.42 0.23
03-3D-31 2.0 7300 (7330 30.0 0.004
03-1D-32 2.0 7360

02-3E-M 2.8 9060 (9640) 580.0 0.060 4.78 0.24
02-3E-32 2.5 10220 8710

03-3E-3 2.5 7880 (7795) 85.0 0.011 4.65 0.27
03-3E-32 2.5 710

4" x 8" Cylinders

Specimen Fiber Ult. Comp. Average Standard Coefficlent

Number "a Stress, psl Stress, psi Deviation of Varlation
02-3A-21 0 9060 (9060) 0.0 0.0
02-3A-22 0 9060 8100

03-1A-21 0 7080 (7120 40.0 0.006

03-1A-22 0 7160

02-38-21 1.0 9350 (9350) 0.0 0.0

02.38-22 1.0 9350 8820

03-1B-21 1.0 8060 (8280 220.0 0.027

03-18-22 1.0 8500

02-3C-21 1.5 980 (9765) 1358.0 0.014

02-3C-22 1.5 9580 8870

03-3C-21 1.5 7920 (8015) 95.0 0.012

03-3C-22 1.5 8110

02-3D-21 2.0 10330 (10070 260.0 0.026

02-3D-22 2.0 9810 9010

03-3D-21 2.0 7860 (7925 65.0 0.008

03-3D-22 20 7990

02-3E-21 2.5 10520 (10030 490.0 049

02.3E-22 2.5 9540 9350

03-3E-21 2.8 8460 (864D 180.0 0.021

03-3E-22 2.5 8820
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Table B3 |Cont)

3" x 6" Cylinders
Specimen Fiber Ult. Comp. Average Standard Coefficlent
Number " Stress, pal Stress, psl Deviatisu of Variation
02-3A-11 0 NIRO (8425)
02-3A-12 n 8670 7960 506.0 0.064
03-3A-11 i “370 (7490)
03-3A-12 u 610
02.38-11 1o N 91
12-38-12 1.0 * R 581.0 0.068
03-38-11 1.0 Y - 148)
01-18-12 1.0 840
02.3C-11 1.5 CLR (X9065)
02-3C-12 1.5 K100 8615 715.0 0.083
03-3C-11 1.8 8100 (8260)
03-3C-12 1.5 8420
02-30-11 2.0 8260 {4090)
02-3D 12 2.0 920 K800 720.0 0.080
0an- 2.0 8150 (8S505)
03-3D-42 2.0 NN60
02-3F-11 2.8 10290 (10305)
02-3E-12 2.5 10420 9538 841.0 0.088
03-3E-11 28 8430 (8730
03312 28 9030
Table B4
Verification Test for Test Series No. 1

Basic Mix — 1:3:W/C = 0.61. Max. Agg. = Ne. 4 Sleve
Age at Test — 28 days. Water Cure — 18 days. Alr Dry — 10 days.

4" « 8" Cylindens

Specimen Ultimate Strength, psi
Number* Vibrated Redded
1A LR} LXK
J1A-22 K840 8470
MAA 8380 8380
MTAM 8o 8510
M-1B-24 870 8470
M-1B-22 KN 8510
MAIB-23 NN 8270
J-1B-24 8710 —_
M-1D-21 870 LRI
M-1D-22 8310 8470
H-1D-23 8710 8510
A-1D-24 86°0 8848

*Each number represents two cvlincers; one
compicted by rodding and one compacted
I use of a table vibrator.

A Plain Mortar

B 1.0% Fiber

¢ 2.0" Fiber
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APPENDIX C: BEAM DESIGNS AND COST
ANALYSIS

The symbols listed here are for ease in interpret-
ing the following section.*

Symbols

¢ — ultimate compressive strength of concrete
ty — yield stress of reinforcing steel

M|, — ultimate design moment

M, — theoretical ultimate design moment

¢ — reinforcing ratio = AS/bd

¢p — reinforcing ratio for balanced conditions
b — width of beam

d —depth of beam to centroid of steel

Ag — area of tension reinforcement

7z — quantity limiting distribution of tlexural rein-
forcement

d,. — thickness of concrete cover

v — allowable shear stress in concrete
vy — ultimate shear stress

A, — arca of shear reinforcement

s — spacing of stirrups

*See ACTIK-T] or details.
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Design of Rectangular Beam with Only Tension
Reinforcement

Given: f', = 5000 psi

ty = 50,000 psi
Service Load: Live Load = 2.0 k/ft

Dead Load = Assumie 0.225 k/ft
(12x18in.)

Span: 24 ft — O in. center to center. simply
supported

Columns: 12x12 in,

Design Load: U = 1.4D + 1.7L = (1.4)(.225)
+1.72.0)

U =0.314+3.40 = 3.71 k/ft
wit _ 3.71(24)2

My =3 = =—— = 267k/ft = 3200K/in,
M
My = —* = 320 _ 3560k /in
¢ 9
For Balanced Design:
87000
@ = 085”‘t %7ooo+t’
5000 8700
= 0.851. = 0.04
0.85 (.80) (o) (o) = 0.0432
Cmax = 7S¢ = 75 (.0432) = 0324

" efy

My = db*fewll 0.59%) where w = =
[y

50000

0324 (m)

0324

Assume b = 12in.
3.560.000 = 12 d2 5000 (0.324) {1 -.59 (.324)]

d = 15.02in. ~ 15.0in.

For Computational Purposes Only. Assume #10 bars

Total Depth of Beam: 15.in. + ¥; bar dia + Xin.
Stirrups + 1%z in. Cover: D = 154 %in. + %Xin.

+1%in. = 17% in.
Assumed Depth: 18in. > 17.5in. Ok

As = gpd = .0324(12) (15) = 5.83sqin.

de = 2.5in.
deb 202.5)(12)
= —L = eee————
A =2 No. S 12

fy =0.6f = 0.6(50) = 30
z =303 TSI =93.3<175.0 Ok

Design of Shear Reinforcement
At Face of Supports V,, = 3.71 240710V _ g5 5,
@d from Support V,; = 42.65-3.71 (7) 38.0h

Assume L.L. Fixed, Ve=0
Vo = 2m= 2\/5000 = 141 psi

=Y =__38000 _ 49 psi
@bd  0.85(12) (15)

x = Dist. stirrups no longer needed

V= 249py, "I";" ":H'

ikl pu

|9=15" | 10.25'

-te
FACE OF COLUMN

Figure C-1. Design of shear reinforcement



X - 108
10.25 249
x=445f

Total dist. stirrups required =x +2d =4.45+ 2(1.25)
= 6.95ft >~ 84in.
Assume #3stirrups: A, = 0.22sq in.

y = 40000 psi

S
Ay = vy o) %‘;—

g (12) s
0.22 = (249 “"WX -

s = 6.81n.

Smax = d4/2 = 3= 7.5 . = Controls

Auly _ .22 (40000) :
Smax=%i—%2)— - 14.6in.

@x' =225 v, ve=195 141 - 1psi

- - (:22)40000) 13.6 in
X 1) o

Use 6 stirrups @6'2 in. =322 in. +d =47'1in.

It is customary to run some stirrups full length of
beam.

Use4@:2in. = 48in.

2 - #6 bars 24 ft-0 in. long will be placed in top of
beam to tie stirrups.

2" —

R 5

i7"
'5|I

D O O

Figure C-3. Use of bars to tie stirrups.

Design of Beam with Fibers and Tension
Reintorcement

Use Sstirrups @ 72 in. = sg%%ﬂ;—&i Given: I’ = 5500 psi
required Ok fy = 50000 psi
s L396F" | s@73" 1 s@2" 1
l 32 !" " 371‘. " | 48" ’Bu

Figure C-2. Placement of stirrups on beam.



TTINGN WY
-

Service Load: Live Load 2.0k 1t

Dead Load A sume 12 x 16! in:
beam = 200k {1

Span: 24 {t-0 in. C to 6. Simply Supported
Columns: 12 x12in.
Design Load: U = 14020600 +1.722.0) - J.69k ft

wiz 369247

My I Qo k i
206 . . .
My = =5 - 29k ft - 3550k in.

For Balanced Design:
Cay DITIR 038

S0

My b wl S W mx(.—,) RED)

Assume b = 1210, .59 10.340) = 0,204
3550 12d25.5(0.340) 1 0.2048

2 ;;—? = 195.0

d 140,

Fotal Depth: D =14 + " bar dia. +
+ 12 in. cover

+ Hin. stirrups

D=16.5m. = 1o.3m. assumed OK

.0033
J 4
Xp
d
X
€c Y
€y

Figure C-4. Design of heam with fibers and tension
reinforcement.

2','

X o0
d 003+,

. 033 .00
b= oosr ey, 97 (xm+33 Ty A
' T 29 %108

95700

N0 T,

('h ‘I“"l hl\ Xb

Ty, = '\sh':\' = opbd !\

Cp, = 0851 b, b<3m°ff> d = gpbd fy
. <o Fe 95700
Cp = 0.88 ﬁli:' (Wy)

Assume 10 pereent increase in ¢ due to tibers:
' = 5500; B, =0.825

5.5
e = 0.85 (.825) % =0 (95975150)- .05064

Opay =+ D 0p =73 (.50064) = 03798

Ford =14.51n.

Y570
Xp =

Calenlation of Resisting Moment of Fibers
o Tension Side of Beam

For 1 pereent volume pereentage of 0.010 x 0.022 x
L.OMn. fiber (equivalent diameter = dy = 0.017 in.).
Number of fibers eftective in any one direction per
square inch of area = n,

dy2

nn—- 1 =Vol

X Lising 1 =1 in, Volume =0.01 cu

in. and 0.41 eftective in any
direction

3 140.017)2

O . R
3! 0. 41) 18.8 Fibers /sq in.




According to the work of Schrader* the force re-
quired to pull out one fiber is 10 Ibs. The average
torce in all the fibers from the extreme tension fiber
to the neutral axis is 0.7 x 10 = 7 Ibs. Concentrating
this force at the center of the tension area and
neglecting the small displacement of the neutral
axis:

Ty=18.8(7.)(12) (6.95) = 11,000 Ibs.

y u v
" 764 < ¢
9.55
8.20"
NA
n 1] Pr—— T
16.5 6.95 f
y L
Figure C-5. Resisting force of fibers.
a = 8Xp = (.8B)9.58)
a=764in.

Cost of Beam Without Fibers
Approximate Icngth ofslirrup: 42in.

Weight per stirrup: (0 376) = 1.31 Ibs

|2
Weight of stirrups per beam: 1.31 (28) = 36.7 lb
Quantity of Concrete: 1.0 l:.ZS x24 =35.0¢ufl
Quantity of Forms: (2><ll725 :g)X.‘M 94.0 5q 1t
. 5.83 ;
Quantity of Main Rein. vy (24) =0.973 cu fl
=476 Ibs

*L. K. Schrader. Studies in the Behavior of Fiber-Reinforeed
Comerete, Master's Thesis, Clarkson College ol Technology (April
DR

(“oncrctc——Mutcrial%q(24.0) $ 3110
Placing 3]570 (4.80) 6.22
Forms—Material 04 (0 20) 18.80
Labor 4 (1.20) 112.70
Reinforcing—Material 476 (.0945) 45.00
Placing 476 (.0730) 34.70
Stirrups—Material 36.7 (.0965) 3.5
Placing 36.7 (.0730) 2.68
Bars to hold stirrups—Material 6.82
Placing 5.26
$266.82
Total Cost of Beam Without Fibers $267.90
Cost of Beam With | Percent Fiber
12,16.5
Quantity of Concrete: — 12 VR ——x24=33cuft
Quantity of Forms: (2 X 1?25 :g) x24 =90 sq ft
T N | =0.695 cu ft
Quantity of Reinforcing: 1T (24) =341.0 Ibs
Quantity of Fiber: (.01)(33) =0.33 cu ft = 162.0 lbs
Comrclc—Matenal 27 (24 0) $ 29.40
Placing 3 (4.80) 5.86
Forms—Material 90 (0.20) 18.00
Labor  901(1.20) 108.00
Reinforcing—Material 341 (L0945, 32.20
Placing 341 (.0730) 24.9
Fibers—Material 162 (0.18) 29.10
Placing* 162 (0.02) 3.24
250.70

Total Cost of Beam with Fibers $251.00

*Fwo cents per pound is assumed to eover the cost of batching
and handling of the fibers.



Mi=11.000 (8.2) = 90300 in/Ibs =45.1S k/in.
Moment to be resisted by main reintforcement:’
M =M; M;=206.0 45.1 =2209k/in.

M' 220912000y _

1048 # 'sg in
U bd?  12(14.502 {

21
Q—H(I\/l Z;nk")

y
fy 50000

‘here =_) P e I 2 i

where m .sz,c 85 (5500) 10.67
1
0=—— (11 2(10.67(1048))
10.67 —— %
0 =0.0239

A, =gbd =0.0239(12) (14.5) =4.16sq in.

Cost Analysis

The tollowing cost comparison of the beam with-
out fibers with the beam with fibers is based upon

the prevailing Jan 73) costs for the Pittsburgh,
Pennsylvania, area.

000 psi Conerete-——Material $ 24.00cuyd

Placing 4.80 cu vd
Stirrups—Material 0.0965 per Ib
Placing 0.0730 per Ib
Main Reinforcing—Material 0.0945 per Ib
Placing 0.0730 per Ib
Form Work—Material 0.0200 sq fi
Labor 1.2000 sq fi

The following labor and material costs for the Pitts-
burgh, Pennsylvania, area as of January 1973.

S000 psi Conerete—Material $ 24.00 cuvd
Placing 4.86 cu yd
Stirrups—Material 193.00 per ton
Placing 146.00 per ton
Main Reinforcing—Material 189.00 per ton
Placing 146.00 per ton
Form Work—Material 0.20 sq 1
Labor 1.20 sq 1



APPENDIX D: TYPICAL STRESS-STRAIN CURVES FOR COMPRESSION TESTS
SHOWN IN TABLES 81, B2 AND B3
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I2.0I—
10.0
8.0
- // D
83 /—(
o 60}
»
W
x
& 4.0
2.0
SERIES NO. |
SPECIMEN NOS.
B8-1A-31=> A
I7T-1A=31=>0Q
AvG.=> O
0
0 0.002 0.002 0003 0.004 0.005

STRAIN

RY




12.01

10.0}

WY

9

"o s.a*

* /U

&

[ -

- 4.0}

2.0
SERIES NO. |}
SPECIMEN NOS.
18-1B-31 =>
IT=1B=31=>Q
AVG => O
0 |
0 0.002 0.002 0003 0.004 0.005

STRAIN



12.0

10.0
8.0 /A
—_—
5 e
a /
o 60 7
= //
&
b~ 40
2.0
SERIES NO. |
SPECIMEN NOS.
18-1C-31 s> O
17-1C=-31=> 0O
AVG => 0O
0
0 0.002 0.002 0003 0.004 0.005

STRAIN
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A

STRESS, x10° PSI

12.0
10.0
80 P
|
/ /'O
!,Dl— ?/
4.0
2.0
[ SERIES NO. |
SPECIMEN NOS.
I8-1D=31 => &
17-1D-31 => O
. AVG => [
. 0
"o 0.002 0.002 0003 0.004 0.005

STRAIN
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12.0
10.0
80
- /
n A
a =l
o 60
x A
&
[
b 40
2.0
SERIES NO. |
SPECIMEN NOS.
I7-1E-31=> O
18-1E -31=>0
AVG => 0
0
0 0.002 0.002 0003 0.004 0.005

STRAIN
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STRESS, x10° PSI

12,0

10.0
80
s.0of
40—
2.0
SERIES NO. 2
SPECIMEN NOS.
26-2A-31=> O
27-2A-31=> 0O
0
0 0.002 0.002 0.003 0.004 0.005

STRAIN

Jo



12.0
10.0
80
a
o 60
_
g
[
b 40
2.0
SERIES NO. 2
SPECIMEN NOS.
26-2B-31:>0
M 27-28B-31=>0
0
0

0.002 0.002
STRAIN
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1

10.0
80
Q
©
»
&
o 4.0
20
SERIES NO. 2
SPECIMEN NOS.
26-2C-31 =0
27-2C-31= 0O
0
0 0.002 0.002 0003 0.004 0.008

STRAIN

RT.



12.0

10.0

80

N 4

STRESS, x10° PSI

4.0'

2.0

SERIES NO. 2
SPECIMEN NOS.
27-2D-31 =>0
26-2D0-31=>0

OOE..—___\

0.002 0.002
STRAIN
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0003 0.004




12.0r

10.0
a0
“ ) d
|
¢
0 4.0F
2.0
SERIES NO. 2
SPECIMEN NOS.
27-2E-31=> &
26-2E-31=> Q
0
0 0.002 0.002 0003 0.004 0.005

STRAIN

4



STRESS, x10° PSI

STRAIN

41

2.0
- 10.0
//
6.0
D

4.0

2.0
SERIES NO. 3
SPECIMEN NOS.
03-3A-31=> O
02-3A-31 => O
AVG =>

L °
0 0.002 0.002 0003 0.004 0.005



x 10° PSI

STRESS,

12.0

10.0

8.0

s _

4.0 4

2.0
SERIES NO. 3
SPECIMEN NOS.
03-38-31=> A
02-38-313> 0O

- AVG => [
o 0.002 0.002 0003 0.004 0.005

STRAIN
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12.0
100 /U
@)
80 - '
o/ d
: @/
no &OL—
P
a
&
-
= 40
2.0
SERIES NO. 3
SPECIMEN NOS.
03-3C-3i=>
02-3C-31=> O
oLl AVG 5> O
0 0.002 0.002 0.003 0.004 0.005

STRAIN
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STRESS, x 10> PSI

2.0

10.0

80

6.0

4.0

2.0

SERIES NO. 3
SPECIMEN NOS.
03-3D-31=> O
02-3D-31=> Q
AVG => 0

0.002

0.002
STRAIN
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0003 0.004

0.005



™

12.01
10.0
80 /7
o /ﬁ
Q
o 69}
»
2
& £°
b 40
2.0
SERIES NO. 3
SPECIMEN NOS.
03-3E-31=> O
02-3E-31=>0Q
0
0 0.002 0.002 0003 0.004 0.005

STRAIN
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